Abstract. Skin cancer, the most common cancer in the general population, is strongly associated with exposure to the ultraviolet component of sunlight. To investigate the relationship between DNA damage processing and skin tumour development, we determined the POLH status of a cohort of skin cancer patients. The human POLH gene encodes DNA polymerase Ë (polË), which normally carries out accurate translesion synthesis past the major UV-induced photoproduct, the dithymine cyclobutane dimer. In the absence of active polË in xeroderma pigmentosum variant (XPV) patients, mutations accumulate at sites of UV-induced DNA damage, providing the initiating step in skin carcinogenesis. Forty patients diagnosed with skin cancer were genotyped for polymorphisms in the POLH protein-coding sequence, using glycosylase-mediated polymorphism detection (GMPD) and direct DNA sequencing of POLH PCR products derived from white blood cell genomic DNA. All individuals carried the wild-type POLH sequence. No POLH mutations were identified in genomic DNA from skin tumours derived from 15 of these patients. As determined by RT-PCR, POLH mRNA was expressed in all normal and skin tumour tissue examined. PolË protein was also detectable by Western blotting, in two matched normal and skin tumour extracts. An alternatively spliced form of POLH mRNA, lacking exon 2, was more readily detected in skin tissue than in white blood cells from the same patient. Real-time PCR was used to quantify POLH expression in matched normal and skin tumour-derived mRNA from a series of patients diagnosed with either basal or squamous cell carcinoma. Compared to matched normal skin tissue from the same patient, 1 of 7 SCC, and 4 of 10 BCC tumours examined showed at least a 2-fold reduction in POLH expression, while 1 of 7 SCC, and 3 of 10 BCC tumours showed at least a 2-fold increase in POLH expression. Differences in gene expression, rather than sequence changes may be the main mechanism by which POLH status varies between normal and skin tumours in the population under investigation. Knowledge of the POLH status in skin tumours could contribute to an understanding of the role of this gene in the development of the most common cancer in the general population.
Introduction
Both genetic and environmental factors play a role in the complex etiology of cancer (1) . Genes involved in repair and processing of damaged DNA play an important role in cancer susceptibility (2) . In the rare genetic disease xeroderma pigmentosum (XP), mutations in genes required for repair or replication of ultraviolet light-damaged DNA lead to a greatly increased incidence of basal and squamous cell carcinoma, as well as malignant melanoma, following exposure to ultraviolet light (3) . In XP complementation groups A through G, inactivating mutations in genes encoding proteins in the nucleotide excision repair pathway, lead to an increased frequency of mutations in the genome, and ultimately to cancer. In the variant form of XP (XPV), skin cancer susceptibility results from a mutation in the POLH gene (4, 5) . The human POLH gene, located on chromosome 6p21.1-6p12, consists of 11 exons, of which exon 1 is untranslated (4) (5) (6) . POLH encodes DNA polymerase Ë (polË), a member of the Y family of specialised DNA polymerases, that also includes pol È, κ, and Rev1. PolË normally carries out accurate replication (translesion synthesis) of UV-damaged DNA; by insertion of two adenines opposite the major UV-induced lesion, the dithymine cyclobutane pyrimidine dimer, the frequency of UV-induced mutations in skin cells is reduced (7) . PolË may also be involved in bypass of the other major UV-induced lesion, the photoproduct (8) . PolË reduces the frequency of mutations that occur during replication of UV-damaged DNA. In the absence of active polË in XPV patients, replication of UV-damaged DNA is carried out by additional DNA polymerases, such as polymerase ˜(REV3) or pol È, that frequently misinsert a base at the lesion site, greatly increasing the incidence of mutations in XPV cells (9) (10) (11) . Mouse strains lacking polË are also skin cancer-prone (12) .
Most of the mutations in POLH identified in XPV patients result in production of a truncated, non-functional, form of polË (4, 5) , although a number of point mutations have also been described (13) . POLH mRNA consists of a full length transcript, as well as an alternatively spliced transcript, lacking exon 2 that is expressed most prominently in human testis, and in foetal liver (14, 15) . The alternatively spliced transcript does not produce functional protein (14) . Given the role of polË in preventing mutagenesis and the extreme skin cancer susceptibility of XPV patients lacking this protein, alterations in the POLH sequence or in gene expression that reduce but do not eliminate polË activity, could contribute to the development of skin cancer.
Reduced polË expression could influence the extent of translesion synthesis and mutation fixation in sun-exposed skin cells. Conversely, given the error-prone polymerase activity of polË on undamaged DNA (16), overexpression of polË in skin tumours could contribute to genome instability and to the accumulation of mutations. There is evidence that the status of error-prone DNA polymerases is altered in cancer. For example, expression of polß is increased in a number of tumours and tumour cell lines (17) (18) (19) (20) . Polß mRNA was found be elevated in almost half of tumour tissues compared to matched normal tissue (21) . DNA pol κ is overexpressed in non-small cell lung cancer (NSCLC) but not in matched normal lung tissue (22) . DNA pol È, which shows strong homology to the POLH gene product polË, is overexpressed in a number of human lung cancer cell lines (23) . In addition, breast cancer cells that overexpress pol È show increased UV-induced mutagenesis, and extracts of such cells show reduced replication fidelity (24) .
However, despite its association with skin cancer, relatively little is known about the status of POLH in skin tumours (25) . In the present study, the POLH genotype and mRNA expression pattern was analysed in a cohort of skin cancer patients. To determine whether sequence changes in the POLH gene are associated with skin cancer development, white blood cell genomic DNA isolated from 40 skin cancer patients was screened for polymorphisms in all 10 protein-coding exons of POLH. Genomic DNA isolated from 15 individual skin tumours was analysed for mutations in POLH. We also demonstrate, using RT-PCR that POLH mRNA is expressed in all normal and skin tumour tissue examined, and use realtime PCR to compare mRNA expression between matched normal and skin tumour tissue. Table I ). The POLH gene was analysed for mutations using the glycosylase-mediated polymorphism detection (GMPD) protocol (27, 28) , and by direct sequencing. GMPD is based on the incorporation of uracil opposite adenine during the PCR. Sequence changes are observed as extra or missing bands upon cleavage of the PCR products at uracil residues using uracil-DNA glycosylase, and separation of the resulting fragments by denaturing gel electrophoresis (27, 28) . Using this method the majority of sequence changes can be detected as fragment length polymorphisms, since 10 of 12 possible base changes involve either adenine or thymine residues (27) . Prior to the use of GMPD in the analysis of genomic DNA from skin tumours, the protocol was validated by demonstrating that this approach could be used to detect known POLH mutations, in exons 2, 4 and 5 in genomic DNA derived from the XPV cell lines XP30RO, XP2CH and XP7TA, respectively. Each of the 10 protein coding exons of POLH was amplified using primer pairs designed to include amplification of the entire exon, including the intron-exon borders. Exon 11 was amplified using 3 separate primer pairs. Forward primers were labelled with 5' TET, and reverse primers with 5' HEX. PCR amplification was carried out in the presence of dUTP, followed by GMPD using uracil-DNA glycosylase cleavage to detect sequence changes (27) . Fragments were separated on an ABI377 DNA sequencer, and fragment lengths were analysed using GeneScan™ analysis software. Following GMPD, any PCR products that showed even minor alterations in the fluorescent peak pattern, as detected using GeneScan software, were reanalysed using commercial sequencing services (Lark Technologies, Essex, UK). Independently, PCR products corresponding to exons 2, 4 and 8 derived from matched tumour and WBC DNA from 10 individual patients were analysed by direct DNA sequencing (Lark Technologies) without prior GMPD analysis. POLH sequences were analysed by alignment with published POLH sequences (GenBank accession numbers: AB037999, AB038001 and AB038005).
Materials and methods

Patient
Total RNA extraction and RT-PCR. Total RNA from skin tumour and normal tissue was extracted using the RNeasy Protect™ mini kit (Qiagen Corp.). RNA extraction from blood samples was performed using the PreAnalytix PAXgene system (Qiagen) according to the manufacturer's instructions. The quality of the total RNA was confirmed based on the integrity of 28s and 18s rRNA following agarose gel electrophoresis. PCR primers spanning exon 1 to exon 4 of POLH and incorporating an alternative splice site (14) were used to amplify 2 PCR products of 358 bp and 218 bp, derived from the full-length and alternatively spliced transcripts, respectively. PCR amplification was carried out in a 50 μl reaction volume containing 1 μl cDNA, 1.25 U Taq polymerase, 50 pmol of each primer [forward 'PolF' 5' GCCAG GTGTTTGTTACCTTGA 3', reverse 'PolR' 5' GCCAGGT GTTTGTTACCTTGA 3'], 2.5 mM MgCl 2 , and 0.2 mM each dNTP. PCR conditions were: 94˚C for 40 sec, 48˚C for 40 sec, 72˚C for 40 sec, for 35 cycles. To confirm that the PCR products were derived from POLH, the 358-bp and 218-bp amplified products were isolated from an agarose gel, and analysed by direct DNA sequencing (Lark Technologies, UK).
Real-time PCR.
Real-time PCR reactions were carried out in 20 μl of 1X Lightcycler-FastStart enzyme/reaction mix (Roche Diagnostics GmbH, Germany), containing 10 pmol of each primer (forward 5' ATCATGGAAGGGTGGTGGAAT 3', reverse 5' TGGCTTCCCGGTACTTGG 3'), 4 pmol POLH Taqman probe (6FAM-TTAGCTTTCCCACGGGACTCA CGA). Primer and probe sequences were designed by TIB Molbiol (Germany). The primers spanned POLH exons 3 and 4, and generated a single PCR product of 167 bp. The PCR conditions were: 95˚C for 10 sec, 55˚C for 10 sec and 72˚C for 5 sec, for 45 cycles. ß-actin expression was used as a standard to normalise POLH expression. Reaction conditions remained the same except that 1.7 pmol of each ß-actin primer (forward 5' AGCCTCGCCTTTGCCGA 3', reverse 5' CTG GTGCCTGGGGCG 3') and ß-actin Taqman probe (6FAM-CCGCCGCCCGTCCACACCCGC) was added to the reaction. One cDNA preparation was generated from each matched Table I . Primer sequences for amplification of POLH exons from genomic DNA. 
a Primer sequences derived from Yuasa et al (6) .
b Primers designed based on POLH DNA sequence (GenBank accession numbers: AB037998; AY388614; AB038000; AB038005; AB038008).
normal and tumour tissue sample, and duplicate assays were carried out. Standard curves for POLH and ß-actin were generated by serial dilutions of external standards. Results were analysed using Lightcycler version 3.5 software, and Lightcycler Relative Quantification™ (RelQuant™) software version 1 (Roche Diagnostics).
Immunoblotting. Proteins were extracted from tumour and normal tissue, and from normal (GM00637) and XP30RO fibroblasts using the PARIS protein extraction system (Ambion), used according to the manufacturer's instructions. Protein (20 μg) was resolved on 8% SDS-polyacrylamide gels and transferred onto nitrocellulose membrane. PolË expression was detected as described (29) using anti-polË antibody B-7 (1:100 dilution, Santa Cruz Biotechnology).
Results
POLH genotyping in skin cancer patients.
In order to determine the POLH genotype of the skin cancer patient cohort, both tumour tissue and blood samples were collected from 15 skin cancer patients, while blood samples alone were collected from an additional 25 patients. A portion (5-20 mg) of tumour tissue was isolated by punch biopsy and immediately frozen, from patients undergoing surgery to remove the skin lesion. Using 5-TET, HEX or FAM fluorescently-labelled primers in exon-specific PCR reactions (Table I) , all 10 coding exons of POLH were individually amplified from purified genomic DNA (Fig. 1) . Single base changes in POLH sequence can be detected using glycosylase-mediated polymorphism detection (GMPD; 25,27), a fragment length polymorphism assay where sequence changes are revealed as gain or loss of fluorescent peaks on an automated sequencer. This was confirmed by the presence of an additional peak in the profile derived from exon 4 of the XP1CH cell line (Fig. 2) which contains a C to T transition at nucleotide position 376 of the POLH gene (4, 5) . The mutations present in POLH in XP30RO and XP7TA cells (4, 5) were also readily detected using GMPD (data not shown). Individual POLH exons were therefore screened for sequence changes using (GMPD). Direct DNA sequencing was carried out on any PCR products that showed even minor alterations in the GMPD peak profile. In addition, PCR products from exons 2, 4 and 8, derived from both white blood cells and skin tumour tissue from 10 patients, were sequenced directly, without pre-screening using GMPD. Sequences were aligned with published POLH sequences (Genbank accession numbers: AB037999, AB038001 and AB038005) using ClustalW. The POLH gene was found to be wild-type in all patients with sporadic skin tumours examined. Overall, ~164,000 nucleotides of human genomic DNA were analysed for sequence changes in POLH, and neither polymorphisms nor sporadic mutations in the tumours were detected.
Expression of POLH mRNA in skin tumours. To date, there have not been any investigations of POLH expression in skin tumours. We have analysed POLH mRNA expression in skin tumours using RT-PCR. POLH transcripts include an alternatively spliced mRNA that lacks exon 2 (14) . To determine whether the alternately spliced form of POLH is expressed in skin tumours, the primers Pol F and Pol R, spanning exon 2, were used to amplify a full-length 358 base-pair (bp) product, and the alternatively spliced 218 bp PCR product, lacking exon 2. Full-length POLH mRNA is expressed in all WBCs, skin tumours and normal skin tissue examined (Fig. 3) . However, the alternatively spliced form of the POLH transcript are more readily detectable in skin tumours and normal skin tissue (where examined) than in WBCs from the same patient (Fig. 3) . DNA polË protein is also expressed in matched normal and tumour tissue samples, as shown by Western blotting of two skin tissue extracts, using an anti-polË antibody. A band corresponding to 78 kDa was detectable in both normal and tumour tissue extracts; this represents endogenous human DNA polË as the corresponding 78 kDa band was not present in cell extracts derived from the XP30RO cell line that lacks polË (Fig. 4) .
Quantification of POLH mRNA expression using real-time PCR.
Since end-point RT-PCR is not sensitive to small differences in the levels of mRNA, POLH mRNA expression was further analysed using real-time PCR. Using primers optimised for amplification of a PCR product spanning POLH exons 3 and 4 (Pol S, forward primer, and Pol A, reverse primer) and POLH Taqman probe (Pol P, labelled with LC-Red 640), POLH expression was quantified following real-time PCR using Roche Diagnostics Lightcycler Relative Quantification software version 1. ß-actin expression was used as a standard to normalise POLH expression between samples. The identities of the POLH and ß-actin PCR products (Fig. 5) were confirmed using direct DNA sequencing (Lark Technologies). The real-time PCR reaction was linear over a wide range of concentrations of the target sequences (Fig. 5) , and was sensitive to differences in POLH mRNA expression, as shown by differences in POLH expression between several human cell lines relative to GM00637 human fibroblasts (Fig. 6) . Consistent with previous studies where POLH mRNA was analysed by Northern blotting (4), POLH expression was found to be greatly reduced in the XP variant cell line XP7TA (Fig. 6) .
To determine whether POLH expression was increased or decreased in skin cancer, POLH expression was compared between a series of matched normal and tumour tissue, derived from 19 patients (comprising 10 BCC, 7 SCC, 1 malignant melanoma, and 1 benign sebaceous hyperplasia (Table II) . In the case of the BCC cohort, average POLH expression is 1.53-fold higher in BCC compared to matched normal tissue from the same patient. However, at the level of individual patients, 3 showed at least a 2-fold increase in POLH expression in the tumour tissue compared to the matched normal tissue, while 4 showed at least a 2-fold decrease in POLH expression (Table II) . Thus, POLH is clearly expressed in all cases of BCC examined, but expression may be either decreased or increased relative to matched adjacent normal tissue. In the case of SCC, average POLH expression is increased 1.45-fold compared to the matched adjacent normal tissue from the same patient. However, in this case, 1 patient showed a 2-fold increase, and 1 patient showed a 2-fold decrease in POLH expression (Table II) . Thus, individual tumours vary in the level of POLH expression compared to the matched normal skin tissue.
Discussion
To characterise the role of the skin cancer susceptibility gene, POLH, in skin cancer incidence in the general population, we have developed methods to reproducibly amplify all 10 coding exons of POLH from skin tumour and white blood cell genomic DNA. Glycosylase-mediated polymorphism detection has been validated by demonstrating that a known singlebase substitution in POLH can be readily detected using this approach, and has been used, along with direct DNA sequencing to screen for sequence changes in POLH in the present skin cancer cohort. No sequence changes were detected in POLH DNA in 40 WBCs or in 15 skin tumours examined. In this patient cohort, the POLH gene is not polymorphic, and no somatic mutations occur in the skin tumours. Any minor peak alterations observed in the GMPD profile represented background changes in the cleavage pattern that were revealed by the use of the high sensitivity fluorescence detection system. This result is consistent with the recent study that mutations were not detected in the POLH coding sequence from 17 squamous cell carcinomas from a US patient cohort (30) . Thus, mutations in POLH appear to be infrequent in skin tumours, although this does not rule out the possibility that in rare cases, mutations in POLH play a role in tumour development. While a number of polymorphisms have been identified in POLH in a smaller patient cohort (30) , none were detected in the current patient cohort; this may reflect the likely genetic homogeneity of the sample population.
POLH mRNA was expressed in all tissues, including white blood cells, BCC, SCC and MM, and matched normal skin tissues from the same patients. This is consistent with the previous study that POLH is expressed in all normal and cancerous lung tissues examined using end-point PCR (22) . Analysis of POLH expression in specific cell types in skin tumours may be more informative than the total level of expression. Since many cell types are analysed in the tumours used in the present study, determination of POLH expression in purified cell types isolated by, for example laser capture microdissection (LCM) may also be informative. For example, while the alternatively spliced POLH mRNA product (14) was not as readily detected in WBC as in skin, it is possible that the alternatively spliced form detected using RT-PCR is derived from a specific cell type present in the skin sample, rather than being present in low amounts in all cells in the tissue. Using Western blotting we also found that polË protein is expressed in skin tissue, and further investigation of the levels and distribution of the protein in skin tumours may be of interest. To further analyse POLH mRNA expression in skin, a realtime PCR-based method was developed. Consistent with previous studies (4, 5) , when POLH expression was analysed in a series of cell lines, expression was found to be greatly reduced in XP7TA cells, compared to other XPV and non-XPV lines. Individual skin tumours showing either increased or decreased POLH expression relative to matched normal skin tissue were identified. There is evidence that differences in expression of specialised DNA polymerases may be important in cancer development (21) . DNA pol ß, which is normally involved in repair synthesis in base excision repair (BER) and single strand break repair (SSBR) pathways (31) was overexpressed in ~50% of human tumours examined (21) . Overexpression of pol ß by only 2-fold has been demonstrated to lead to genetic instability and accelerated tumorigenesis in mouse model systems, suggesting that a rigorous regulation of its expression may be essential in vivo (19, 32, 33) . The expression of pol È, another Y-family DNA polymerase, varied between cell lines, from low expression in normal cells and three lung cancer cell lines, to relatively high expression in two lung cancer cell lines, which may suggest a role in the development of lung cancers (23) . Breast cancer cell lines that overexpress pol È show increased UV-induced mutagenesis, and extracts of such cells show reduced replication fidelity (24) . Furthermore, pol κ has been reported to be overexpressed in lung tumours (22) while DNA polymerase θ is upregulated in lung and colon tumours (34) . Thus, further characterisation of the status of this important class of proteins in tumours, and investigation of the contribution of imbalances in the level of individual DNA polymerases to the loss of genome stability that occurs during tumour development, is warranted. Table II . Expression of POLH mRNA in matched tumour and normal skin tissues. 
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